ABSTRACT
INTRODUCTION
Growth factors and their receptors are important in tumor growth, metastasis and angiogenesis in several cancers [1, 2] . PDGF-D belongs to the PDGF family (PDGF-A, B, C, and D) and plays a significant role in cancer progression [3] . PDGF-D is recently discovered and was found to exert its functions through binding to its receptor (PDGFR-β), leading to rapid phosphorylation of PDGFR-β and consequent activation of many downstream signaling pathways [4] . Previous studies revealed that PDGF-D is over-expressed in human breast, pancreatic and gastric cancer and involved in cell growth, aggressiveness, and angiogenesis [3] [4] [5] .
However, the precise role of PDGF-D in CRC is still unknown.
It has been reported that PDGF-D increases tumor growth and aggressiveness by activating Notch1 and NF-κB in human pancreatic and breast cancer [3, 4] . Liu et al. reported that PDGF-D facilitates tumor metastasis by increasing C-X-C chemokine receptor type 4 (CXCR4) expression [6] . Moreover, PDGF-D enhances tumor metastasis and angiogenesis of renal cancer through increasing the expression of matrix metalloproteinase-9 (MMP9) and vascular endothelial growth factor (VEGF) [7] . In addition, PDGF-D plays an important role in EMT transformation [8] . These findings indicate that PDGF-D promotes the development of the human cancers, and it It is well established that Notch1 is involved in cell growth, metastasis [9] . Several studies reported that Notch1 is highly expressed in CRC and is tightly linked to CRC progression by regulating the expression of several downstream mediators such as MMP9, VEGF, extracellular signal-related kinase (ERK) [9, 10] . Moreover, PDGF-D promotes tumorigenesis and aggressiveness by activating Notch1 pathway in breast and pancreatic cancers [3, 4] , but it is unclear whether this also occurs in CRC. It is well known that EMT is important in tumor invasion and metastasis [8] . Recently, many signaling pathways and growth factors have been found to induce EMT, such as Wnt, TGF-β1, the mammalian Target of Rapamycin (mTOR), and Notch1 [8, 11] . For example, Notch1 over-expression induces EMT by increasing the expression of Vimentin and N-cadherin in pancreatic cancer [12] . Moreover, Notch1 promotes EMT by regulating EMT-transcription factors such as Twist1 in CRC [13] . Thus, further investigation is warranted to identify whether there is a cross-talk between PDGF-D, Notch1, and Twist1 and whether this axis regulates EMT in CRC.
In the present study, we explored the consequence of PDGF-D down/up-regulation in SW480 or HCT116 cells, respectively. Cell growth, aggressiveness characteristics and angiogenesis were evaluated in vivo and in vitro.
The results showed that PDGF-D down-regulation inhibited cell growth, aggressiveness and EMT through the suppression of Notch1/Twist1 axis. Collectively, our study indicates that PDGF-D down-regulation could be an effective approach to treat CRC.
RESULTS

PDGF-D is highly expressed in CRC tissues and cell lines
PDGF-D expression was examined in 54 primary CRC tissues, their corresponding normal adjacent mucosa, and cultured FHC, SW620, SW480, HCT116, HT29, DLD1 cell lines. An intense and diffuse cytoplasmic staining pattern of PDGF-D was detected in CRC specimens ( Figure 1A) by IHC, whereas the corresponding normal mucosa showed no or weak staining of PDGF-D ( Figure 1B and 1C) . Furthermore, PDGF-D over-expression was positively correlated with tumor stage (P= 0.02), lymph node stage (P= 0.04), and tumor differentiation (P= 0.03), but not with the age of patients (Table 1 ). In addition, as shown in Figure 1D , PDGF-D expression was higher in CRC tissues than the corresponding adjacent tissues. PDGF-D was also expressed in all CRC cell lines, but at variable degree. SW480 and DLD1 cells showed higher expression, while HCT116 and FHC cells showed relative lower expression Figure  1A) . Subsequently, as shown in Figure 2B Figure 3C and 3D) .
To identify the role of PDGF-D on angiogenesis in CRC cells, tube formation assay was performed. Compared to the control cells, the tube formation of HUVECs was decreased upon treatment with conditioned medium from PDGF-D shRNA transfected SW480 cells. Conversely, the tube formation was increased in HCT116 cells ( Figure 3E ). These results revealed that PDGF-D increased the cell growth, aggressiveness and angiogenesis in CRC cells.
PDGF-D increases the expression of Notch1 in CRC cells
We further explored the mechanism by which PDGF-D regulates cell growth, aggressiveness and angiogenesis in CRC cells. As shown in Figure 4 , PDGF-D silencing was found to decrease Notch1 expression in SW480 cells, while PDGF-D up-regulation increased Notch1 expression in HCT116 cells. In addition, the expression of Notch1 downstream genes such as CyclinD1 and VEGF, were obviously decreased upon PDGF-D down-regulation in SW480 cells ( Figure  4A and 4B). Conversely, CyclinD1 and VEGF were upregulated in HCT116 cells ( Figure 4A and 4C) . However, B-cell lymphoma-2 (bcl-2) expression showed no obvious change in transfected cells compared to the control cells. All these findings were consistent with the results shown in Figure 3 and demonstrated that PDGF-D increases Notch1 expression in CRC cells.
PDGF-D induces the EMT profile in CRC cells
To investigate whether PDGF-D could promote EMT in CRC cells, PDGF-D stable knockdown SW480 cells and HCT116 cells that are stably expressing PDGF-D were established. Western blot and RT-PCR showed that the PDGF-D silencing down-regulated the expression of Twist1 in SW480 cells, as well as Vimentin and MMP9, whereas E-cadherin was increased ( Figure 5A ). On the contrary, in HCTT16 cells, PDGF-D promoted EMT with increased Twist1, Vimentin, and MMP9 while E-cadherin was decreased ( Figure 5A ). Together, these data suggests that PDGF-D promotes EMT transformation in CRC cells.
PDGF-D is significantly increased in TGF-β1 treated HCT116 cells
HCT116 cells treated with human TGF-β1 (10ng/ mL, 20ng/mL) for 72h has shown elevated EMT profile as well as PDGF-D increased expression ( Figure  5B ). Notably, TGF-β1 treated HCT116 cells showed obvious EMT profiles with decreased E-cadherin, increased Vimentin and Twist1 ( Figure 5B ). Meanwhile, the expression of PDGF-D and Notch1 were increased in TGF-β1 treated HCT116 cells. These results demonstrate that PDGF-D elevated expression was correlated with active EMT in CRC cells.
Downregulation of PDGF-D reversed EMT in TGF-β1 treated HCT116 cells
To further confirm whether up-regulated PDGF-D contributed to EMT of CRC cells, siPDGF-D was transfected into TGF-β1 treated HCT116 cells to examine whether down regulation of PDGF-D could reverse the EMT in those cells. After incubated with siPDGF-D for 48h, the TGF-β1 treated cells showed a Mesenchymal to Epithelial transition (MET)-like transformation with increased E-cadherin, as well as decreased Vimentin, Twist1 and Notch1 ( Figure 5C ). Moreover, compared to the parent cells, the capacity of migration and invasion was decreased in TGF-β1 treated HCT116 cells with siPDGF-D transfection ( Figure 5D ).
PDGF-D promotes cell growth, aggressiveness and EMT transformation of CRC through activation of Notch1/Twist1 pathway
Since our previous results showed that PDGF-D expression was positively correlated with the expression To further clarify that PDGF-D influenced EMT profile of CRC cells via regulating the expression of Twist1, si-Twist1 and Twist1 cDNA were transfected into CRC cells to test the effects of Twist1 on EMT. As shown in Figure 6E , Twist1 silencing inhibited EMT transformation with increased E-cadherin, while Vimentin and MMP9 were decreased in SW480 cells. On the contrary, Twist1 up-regulation promoted EMT transformation. Furthermore, Twist1 silencing inhibited the migration and invasion capacity of SW480 cells, whereas Twist1 up-regulation increased the aggressiveness of HCT116 cells ( Figure 6F ). Together, these findings further indicate the mechanistic involvement of Notch1/ Twist1 axis in PDGF-D-mediated role in cell growth, aggressiveness and EMT of CRC cells.
PDGF-D promotes tumorigenesis, angiogenesis and EMT profile of CRC cells in vivo
In order to investigate the roles of the endogenous PDGF-D on tumorigenesis in vivo, stable transfected SW480 or HCT116 cells, were injected into the flank of male Balb/c nu/nu mice. As shown in Figure 7A , compared to the control cells, PDGF-D silencing in SW480 cells reduced the volume of subcutaneous xenograft tumors. Conversely, over-expression of PDGF-D in HCT116 increased the tumor volume. Moreover, the immunohistofluorescence staining showed that CD31- To further confirm the EMT profile in subcutaneous xenograft tumors, double labeled immunohistofluorescence staining for E-cadherin and Vimentin was performed. Compared to control cells, E-cadherin staining was increased, while Vimentin staining was decreased in xenograft tumors with shPDGF-D transfection. Conversely, E-cadherin was down-regulated in PDGF-D cDNA transfected HCT116 cells, while Vimentin was increased ( Figure 7C ).
DISCUSSION
CRC remains the third most common cause of cancer-related morbidity and mortality worldwide. Although the comprehensive therapy for CRC has been improved significantly; the prognosis of CRC patients remains poor [14] . Thus, exploring novel biomarkers is essential for further biological targeted therapy in CRC.
Previous studies revealed that PDGF-D exerts its functions by activating several downstream signalings including Notch1/NF-κB, mitogen-activated protein kinase (MAPK), CXCR4, phosphatidylinositol 3-kinase (PI3K), ERK, and mTOR signaling pathways to facilitate its oncogenic functions [4, 15] . However, the roles and precise mechanisms of PDGF-D on tumor growth, aggressiveness, and angiogenesis in CRC remains unclear. Our study showed that PDGF-D was highly expressed in CRC tissues and it could promote tumor growth, invasion, angiogenesis, and EMT transformation by activating Notch1/Twist1 axis.
PDGF-D is important in the progression of several human cancers, such as breast, gastric, and prostate cancers [16, 17] . However, the expression profile and specific functions of PDGF-D in CRC have not been previously investigated. Our study revealed PDGF-D was highly expressed in CRC tissues and was positively correlated with TNM stage. Overall survival (OS) analysis was not performed due to the lack of related data. Furthermore, PDGFR-β is highly expressed in CRC tissues and it is also associated with tumor growth and metastasis in CRC [18, 19] .
The cellular functions and mechanisms of PDGF-D were investigated and showed that PDGF-D promoted tumor growth, colony formation and angiogenesis in CRC cells. Inhibiting PDGF-D expression was found to arrest cells at G0/G1 phase, while over-expression of PDGF-D reduced the percentage of cells at G0/G1 phase. Moreover, PDGF-D positively regulated the expression of CyclinD1 and VEGF in CRC cells. These results suggested that PDGF-D could regulate tumor growth of CRC by affecting cell cycle distribution and vessel formation. Our findings are consistent with the previous studies in several human cancers [3, 5] .
Distant metastasis is one of the leading causes of death in patients with CRC [20] . Our study revealed that over-expression of PDGF-D promoted the capacity of cell migration and invasion of CRC cells. Previous studies showed PDGF-D facilitated tumor invasion and metastasis by activating Notch1, PI3K, ERK, or CXCR4 pathways in breast, lung and brain cancers [4, 6, 21] . These results suggest that PDGF-D expression contributes to tumor growth, aggressiveness, and angiogenesis in CRC.
Notch1 signaling plays a key role in tumor progression of several human cancers, including CRC [9] . In the present study, we showed that PDGF-D positively regulated the expression of Notch1 in CRC cells. Moreover, restoration of Notch1 rescued the inhibition of cell proliferation, migration, and invasion in SW480-shPDGF-D cells. Conversely, down-regulation of Notch1 negated the cell growth and aggressiveness effects of HCT116-PDGF-D. Therefore, these results suggest that PDGF-D expression contributes to the tumor growth, aggressiveness and angiogenesis which could be partly mediated via activating Notch1 signaling pathway.
It is believed that EMT is involved in tumor metastasis [8] . Hallmarks of EMT include Slug, Snail and Twist1, which play vital roles in EMT transformation and enhance tumor metastasis. Twist1 is a transcription factor that is involved in progression of EMT and tumor metastasis in CRC [22] . Our study showed that the expression of PDGF-D was positively correlated with Twist1 expression in CRC cells. Meanwhile, we showed that PDGF-D down-regulation reversed EMT, and, conversely, that PDGF-D over-expression induced EMT in CRC cells. To further confirm the role of PDGF-D expression in EMT transformation, HCT116 cells were treated with TGF-β1 to induce EMT transformation. Our results showed that PDGF-D, Notch1 and Twist1 were significantly up-regulated in the TGF-β1 treated cells. Furthermore, PDGF-D silencing was found to reduce the expression of Notch1 and Twist1, and it also reversed the EMT profile in TGF-β1 treated HCT116 cells. These findings indicate that there is a cross-talk between PDGF-D, Notch1, and Twist1 during the acquisition of EMT transformation in CRC cells.
Then, we asked whether PDGF-D promoted EMT via Notch1 mediated Twist1 up-regulation and our results showed that Notch1 over-expression rescued the inhibition of cell migration and invasion in SW480-shPDGF-D cells, while Notch1 down-regulation counteracted the aggressiveness effects of PDGF-D up-regulation in HCT116 cells. Furthermore and as expected, we found that Twist1 expression was reduced as a consequence of PDGF-D down-regulation, which was rescued by Notch1 up-regulation in SW480 cells. In contrast, down-regulation of Notch1 decreased the expression of Twist1 in HCT116 cells. Last, we further conformed that Twist promoted cell aggressiveness and EMT transformation with decreased E-cadherin and increased Vimentin and MMP9 in CRC cells.
In summary, our study indicates that PDGF-D plays a critical role in regulating tumor growth and metastasis in CRC. This effect is mediated by PDGF-D mediated activation of Notch1/Twist1 axis and subsequent reversal of EMT transformation. Thus, targeting PDGF-D is a potential therapeutic approach that could effectively inhibit tumor growth, angiogenesis and metastasis in CRC patients.
MATERIALS AND METHODS
Patient tissue sample and ethics statement
The study was approved by the ethics committee of Tongji Medical College, Huazhong University of science and technology, China. A total of 54 pairs of CRC tissue samples including cancer tissues and corresponding normal adjacent mucosa, were collected from Gastrointestinal surgery of Union Hospital (Wuhan, China) from June 2014 to March 2016. All the samples are from patients with colon or rectal cancer who had not received any chemoradiotherapy before operation. The fresh tissues were either snap-frozen in -80°C for further protein or RNA analysis. All samples were obtained with written informed consent of patients and their parents. The clinical data including age, gender, diagnosis, TNM stage, were listed in Table 1 .
Cell culture and reagents
FHC cell line (human colon normal epithelium cell) was cultured in DMEM/F12 (BOSTER, China). CRC cell lines SW620 and SW480 were maintained in L15 (BOSTER, China), while HCT116 and HT29 cell lines were cultured in McCoy's 5A (BOSTER, China). CRC cell line DLD1 and umbilical vein endothelial cells HUVEC were maintained in RPMI1640 (Hyclone, USA). All cell lines were maintained in complete medium with 10% fetal bovine serum (FBS, Sciencecell, USA), streptomycin (100μg/mL, Sigma, USA) and penicillin (100U/mL, Sigma, USA) in a humidified incubator at 37°C and 5% CO2. Cell apoptosis and cell cycle kits were purchased from AntGene (China). Antibody against PDGF-D, Twist1, Bcl-2, MMP9, CyclinD1, and Vimentin were purchased from abcam (USA), while E-cadherin, and Notch1 were from Santa Cruz (USA). PDGFRβ antibody was from Elabscience (USA).
Western blot
Tissues or cell protein was extracted using cold RIPA buffer with PMSF (sigma, USA). Equal amount of total proteins were loaded into SDS-PAGE gels and separated by electrophoresis and transferred onto PVDF membranes, which were then incubated with various antibodies. Image J was used to analyze the band density.
Real-time PCR
The total RNA was isolated from cells or tissues using Trizol (Takara, Japan) and was reversely transcribed to cDNA with RT Master Mix (Takara, Japan) according to the manufactures' instruction. The RT-PCR was performed with SYBR Master Mix (Takara, Japan) using StepOnePlus system (ABI, USA). The RT-PCR was performed with 40 cycles under the following conditions: denature at 95°C for 30s, anneal at 60°C for 1min and extend at 95°C for 5s. The relative mRNA level of a gene was normalized to GAPDH and was calculated with 2 -ΔΔCt method. The primers of RT-PCR were listed in Table 2 . 
Cell growth assay (CCK8)
Transfected or control cells (SW480: 4×10 3 /100μL, HCT116: 6×10 3 /100μL) were seeded in a 96-well plate. After 24h, 48h and 72h of incubation, CCK8 (Dojindo, Japan) assay was performed as described previously. The absorbance was detected at 450 nm.
Colony formation assay
Cell suspension with 500 cells was seeded into a 6-well plate, which was incubated for 2 weeks. The clones were stained with 0.05% crystal violet and were counted under the microscope.
Cell migration and invasion assays
SW480 (5×10
4 cells) or HCT116 (4×10 5 cells) cell suspensions in FBS free medium were seeded into a transwell chamber (BD, USA), which was coated with (invasion) or without (migration) ECM. After 20h incubation, the cells were stained with 0.05% crystal violet for visualization and counted in six random fields.
Cell apoptosis assay
Cells were collected, washed in phosphate buffered saline (PBS), and incubated with appropriate Annexin-V APC and PI (AntGent, China) for 30min at 37°C. Then, the cells were detected with BD FACS Flow Cytometer (BD, USA).
Cell cycle assay
Cells in log-phase of growth were harvested, washed in cold PBS, and fixed in 75% cold ethanol. The cells were then incubated with propidium iodide (PI, 50μg/mL, AntGent, China) for 10 min. BD FACS Flow Cytometer (BD, USA) was used to detect the cell cycle distribution.
Immunohistochemistry (IHC)
Immunohistochemical staining was carried out as described earlier [4] . The IHC result was assessed by two pathologists. To assess the expression of PDGF-D, the procedure was performed as following: 1, assessing the intensity score of the stained tissues (0, negative; +1, weak positive; +2, moderate positive; +3, strong positive); 2, calculating the percentage of positive tumor cells (negative: 0, <10%; weak positive: +1, 11%-25%; moderate positive: +2, 26%-50%; strong positive: +3, >50%); 3, calculating the staining index (SI), SI= (intensity score in 1) × (positive score in 2). SI <3 was classified as low expression, while SI ≥4 was classified as high expression.
Immunohistofluorescence staining
The immunohistofluorescence staining in paraffinembedded sections was performed as described previously [5] . The epifluorescence (Olympus, Japan) was used to take the fluorescent images.
Tube formation assay
A 96-well plate was coated with 50μL growth factorreduced matrigel. HUVECs were starved in RPMI1640 
Animal experiments
All animal experiments were approved by the Institutional Animal Care and Treatment Committee of Tongji Medical College of Huazhong University of science and technology, China. Transfected cells were collected and suspended in PBS. 5-weeks old male Balb/c nu/nu mice (n= 5 mice per group) were injected subcutaneously with 5 × 10 6 stably transfected cells. The subcutaneous tumor xenografts size was measured using a caliper every week and was calculated using the following formula: 0.5 × width 2 × length. Four weeks later, the mice were sacrificed and the subcutaneous tumor xenografts were collected for Immunohistofluorescence staining and angiogenesis.
Statistical analysis
All results presented in this study were performed at least three times. The data were presented as the mean ± standard deviation (SD). Difference between groups was tested using t test. The χ 2 analysis was used to compare the expression of PDGF-D and individual clinicopathological features. Value of P<0.05 was considered to be statistically significant.
